The 
Introduction
Geysers are a special kind of hot springs that are erupting a mixture of hot water, steam and other gases. By studying the geyser activity scientists can get information about the structure and the dynamics of earth's crust. Among the most attractive geyser there are those that erupt at nearly regular intervals. Yet it should be noted that geysers are highly non-linear systems that might be essentially chaotic 1 .
One can find either references that mainly focus on some particular natural geyser (e.g. in geo-physics literature) or that just roughly describe the basic principles of geyser activity (e.g. on the web) 2, 3 . On the web one can find useful suggestions on how to build a simple laboratory model 4, 5 , which will exhibit periodic eruptions. Though the suggested models are quite robust, the heating power is the most critical parameter which decides weather the given model will work in periodical regime or not. If the heating is too intensive one gets a hot spring behavior, where the water is steadily boiling and evaporating. On the other hand the heating must exceed some minimum value to observe any eruptions. By increasing the power in geyser regime one can observe the decreasing intervals between eruptions. It is also well known that longer standpipe would result in longer eruption intervals. Geyser demonstrations are offered by some Science Centers (e.g. Exploratorium, San Francisco 6 or Experimentarium, Copenhagen 7 ).
In this article we are presenting a simple laboratory model, which proved to be useful in a first year physics students project lab. With the aid of real-time data measurements we can analyze the behavior of the model. By video recording the geyser eruption together with the on-line data display one can follow the course of an eruption step by step. On the base of collected data the students can be led through the stages of geyser behavior or make their own inferences about it using basic (noncalculus) physics.
The real-time data collection of geyser eruption
The schematic picture and the photo of our experimental setup are shown in Fig 1. The standpipe was made from a 2 mm thick and 56 cm long glass tube with inner diameter of 8 mm. The glass tube was inserted through a rubber stopper into the 0.5 l Pyrex flask that is heated by a Bunsen burner. The upper end of the glass tube was connected to a plastic bowl, which collects the erupted water. Initially the water level in the catch basin was about 2 cm above its bottom.
We used two copper-constantan thermo-couple thermometers to measure temperature in the heating flask (T 1 ) and in the glass tube just below the catch basin (T 2 ). The thermometers were pushed down the glass tube from the upper end. Homemade amplifiers were used to amplify the thermo-couple voltages. We measured the pressure in the heating flask with Vernier gas-pressure sensor. All three sensors were connected to the Vernier Lab Pro interface and the data were displayed on a PC. An example of data collected during 4 eruptions is shown in Fig 2. Graphs show a 20 minutes section during which 4 eruptions h ave been recorded. Even though the system has been running for some hours before the data collection started it can be noticed that the eruptions does not occur at exactly equal time intervals. The average period is about 350 seconds. The sharp peak in T 2 indicates the beginning of the eruption.
The pressure is almost constant between eruptions at a value larger than the atmospheric pressure, due to hydrostatic pressure.
We can assume that between subsequent eruptions the water from the heating flask doesn't mix much with the water from the standpipe and the catch basin. This allows us to estimate the effective heating power. Our assumption may be confirmed by an ink test. If some ink is dripped into the catch basin soon after an eruption when the water is still clear one can observe practically no mixing of the catch basin water with the flask water till the next eruption occur. By knowing the flask volume and measuring the 0.016°C/s T 1 rise we estimated the effective heating power to about 34 W. Note that the Bunsen burner flame power is much larger (order of magnitude kW). As the eruption is a rather stormy event it is difficult to notice the correlation between the physical parameters and the behavior of the model solely by bare eye observations. For this reason we have taken advantage of a digital video camera (frame rate of 25 frames/second) to record the behavior of the flask during eruption and the on-line data display at the same time (Fig 3) . We have projected the data display onto the background screen behind the geyser model. By analyzing the video recording frame by frame we were able to get a better insight into what is really going on during an eruption. Stage 1: In the first stage the geyser is ready to erupt. One can notice some isolated steam bubbles in the flask and the effect of bubbles rising up the standpipe can be seen on the T 2 graph as a bulge at 12 s.
Stage 2: The steam begins to generate rapidly and starts pushing the standpipe water up to the catch basin resulting in T 2 rise. The turbulently rising steam bubbles merge into larger bubbles along the standpipe and therefore the water column length is gradually reduced. As a consequence the pressure drops gradually by the hydrostatic difference.
Stage 3: The 100°C T 2 platform is recorded due to the steam blowing. The pressure ripples indicate steam bursts. The standpipe gradually opens and the pressure decrease. Due to the pressure decrease also the boiling temperature drops (T 1 is slightly reduced) and consequently the water boils even more violently.
Stage 4: The steam blowing calms down. The condensation initially begins in the standpipe and the water starts flowing down the standpipe. As a result the pressure slightly increases and the boiling is dying out.
Stage 5: In this stage we can observe the sudden decrease of pressure due to cooling and condensation in the flask. The heat released due to condensation and the lowered boiling temperature cause the flask water to boil again (note bubbles on the photo) at lower temperature. The lowered pressure also causes vigorous sucking of water from the catch basin that finally suppresses the boiling.
Stage 6: In the flask we observe mixing of the hot water (100°C) and a much smaller amount of cooled water (55°C) coming down the standpipe. A violent strike of the water hammer compresses the air in the silicon tube, which connects the pressure sensor and the pressure jump is recorded. By a closer view one can clearly recognize the damped pressure oscillation (Fig 5) .
Stage 7: During eruption the steam heats the water in the upper reservoir for about 15 degrees. After the extensive heat loss the geyser begins restoring for a new eruption.
We can see the T 2 rise due to convective mixing of water in the standpipe (see also the crumple on Fig 2) . In the former experiment the glass tube inserted through the rubber stopper was only 1 cm deep into the 18 cm high Pyrex flask. A rather different behavior can be observed if the glass tube is inserted deeper into the flask with other parameters kept unchanged. In the next paragraph we show the measurements of the same system but with the glass tube inserted 14 cm deep into the flask (end of the tube 4 cm above the flask bottom) (Fig 6, 7) . The T 1 slope between the eruptions is about the same as before but now the temperature changes span wider interval thus prolonging the erupting period to about 900 s. Stage 3: The steam starts escaping more vigorously and consequently opens the standpipe, which leads to the decreasing pressure. Because there is larger energy consumption than the energy gain the steam cease to blow so vigorously and a partial condensation occurs in the standpipe. Some water pours down into the flask and stops the boiling. Due to the water flowing down the standpipe the pressure and consequently also the boiling point increases and the eruption is suppressed.
Stage 4: The extensive condensation takes place and the pressure is significantly decreased. The T 2 about 80°C indicates that there is no more steam blowing. A large amount of cooled water is sucked down the standpipe into the heating flask.
Stage 5: One can observe cooling of the worm catch basin water. Note that unlike in the first there is no rise in T 2 after the end of an eruption. Now the temperature difference between the two reservoirs in smaller and consequently no remarkable convection is observed. 
Putting on a test our qualitative picture
We focused on case 1 to illustrate how some basic physics can be used to verify the relations between the measured variables in consistence with the observed phenomena.
During stage 2 to stage 4 the pressure drops for about kPa p 5 = ∆ due to opening of the standpipe. This value roughly corresponds to the hydrostatic pressure difference between the upper and lower end of the standpipe ( m h 56 . 0 = ∆ ):
Cooling due to inflow of catch basin water during stage 5 causes the condensation and consequently the saturated vapour pressure falls down to about 96 kPa. The corresponding temperature that gives the measured vapour pressure may be calculated by Clausius-Clapeyron equation or read from handbook tables and is equal to 98.5°C. This value is in good agreement with the measured T 1 =97°C.
To express the relation between the temperature and the vapour pressure one can use the Clausius-Clapeyron equation 2 RT dT Mq p dp
which can be integrated to cover larger temperature differences. The integration gives
Here T 0 is the boiling temperature at the pressure p 0, R=8300 J/K is the universal gas constant, M=18 kg is the mass of a kmol of water and e q is the average value of the specific evaporation heat for water in the interval between T 0 and T. In our calculation we assumed e q =2,26 MJ/kgK to be the value that correspond to 100°C.
During the pressure drop from 105 kPa to 100 kPa (stage 2-4) the temperature drops from 101°C to 100°C in approximate agreement with the corresponding theoretical values 101°C and 99.6°C obtained by Eq. 3.
One can test whether the two measured temperatures before and after the water exchange are in agreement with the calculated values. Let us think of our set-up as the system of three parts: the lower reservoir (m 1 =0.6 kg), the upper reservoir (m 2 =0.13 kg) and the middle part representing the exchanging water. The total water amount contained in the system is the sum of the lower and the upper reservoir amounts m 1 +m 2 . According to the observation that there is not much water exchange between the two reservoirs during silent intervals when the geyser is restoring for a new eruption we can consider the standpipe water to be a part of the upper reservoir. By observing the water level decrease in the flask at eruption events we estimated the amount of exchanging water in the first case to m 3 =0.04 kg (as already pointed out there is a much larger water exchange in the second case). Because of a more abrupt eruption the experimental parameters (dissipation, energy gain) are better defined in the first case than in the second case.
The eruption cycle can be seen as a two-part event: the rising of the water-vapour mixture from the lower to the upper reservoir and sucking of the cooled water back to the lower reservoir.
We will consider the rising of the water-vapour mixture firstly. During this stage heat is transferred from the lower to the upper reservoir by mixing of the water and by steam blowing through the standpipe. In a simplified picture one can assume that the extra heat accumulated in the overheated water is released to the vapour at the moment of eruption. The vapour condenses along the standpipe and therefore the heat is released to the water in the upper reservoir.
If the lower reservoir water is considered to be overheated by about C T ex 0 1 = ∆ , the heat available for evaporation is:
This amount of heat would evaporate Q ex /q e =1.1 gram of water.
At the moment of eruption m 3 of water at about T low1 =100°C rises from the lower reservoir and mixes with the cooler water at about T up1 =41°C in the upper reservoir. The rising vapour additionally heats the upper reservoir water to the final temperature about T up2 =55°C. We can try out whether the theoretical considerations would give a similar result for T up2 . If the dissipation is neglected we can assume that the heat released by the hot water and vapour is used to heat up the upper reservoir water:
The temperature T up2 resulting from the thermodynamic equilibrium (Eq. 5) is
Note that the temperature values in Eq. 6 have to be taken in Kelvin units. The difference between the measured and calculated value of T up2 may be accounted to abundant dissipation. However, in our calculus (Eq. 5) not just the dissipation but also the effect of the work done to lift the exchange water and the effect of the continuous heating during the eruption has been ignored.
We can easily verify that the work done by the steam to lift the exchange water for m h 56 . 0 = ∆ can be neglected:
The estimated effective heating power P ef =34 W represents the difference between the actual heating and the dissipation, so the energy gain during approximately s t 15 = ∆ lasting rising event (stage 2-4) is approximately
The last contribution would not change much the result (6) as the heat transferred by the exchange water is much larger:
Nevertheless Q add would give a higher value for T up2. As the 'ordinary' dissipation has been taken into account in the P ef it is evident that there must be an exceeding dissipation during eruption. This extra dissipation may be accounted to the vapour that escapes during eruption.
After the eruption the m 3 excess water at T up2 =55°C is sucked down to the lower reservoir and mixes with m 1 -m 3 amount of water at T low1 =100°C. With similar considerations like in Eq. 5 we can calculate the mixture temperature T low2 after an eruption: 
which is in good agreement with the measured value. Now neither the extra dissipation nor the energy gain does influence the calculus.
Conclusions
Although the geyser system dynamics is complex it is based on simple underlying physics. With real time data logging one can follow the geyser activity step by step. Using the basic thermodynamics the variation of the three variables in each step can be calculated. The theoretical results are in consistence with the measured values.
The experiment where the standpipe insertion has been varied demonstrate that in the case of deeper insertion there is a larger water exchange between the two parts of the system, the temperature difference between the upper and the lower part is smaller while the temperature changes span wider interval. Consequently the erupting period and the duration of an eruption increases with increasing the standpipe insertion depth.
The geyser proved to be a successful open-ended project for first year physics students. To effectively study the geyser dynamics one must follow the systematic steps of the scientific method. Therefore the system offers to the instructor an opportunity to mediate the scientific approach and shape the students' attitude towards science.
